| INTRODUCTION
In the central nervous system, voltage-gated calcium channels (VGCCs) regulate a variety of processes, including hormonal communication, modulation of cell migration, triggering of muscle contraction, and many other processes.
1 They contribute to synaptic transmission and calcium homeostasis in different neuronal networks including the additional processes like disruption of neuronal networks. 2, 3 Moreover, there is convincing evidence that subarachnoid hemorrhage (SAH) can alter the expression profile of calcium channels in cerebral arteries. Experimental SAH has been shown to trigger expression of Ca v 2.3 (R-type) calcium channels in rat and rabbit cerebral smooth muscle cells, thereby reducing their sensitivity to L-type VGCC antagonists. 4 Anti-inflammatory agents of VGCC also reduced constriction of isolated cerebral arteries but not in control animals and improved cerebral blood flow after experimental SAH in rats. 5 Interestingly, prolonged exposure of rabbit cerebral arteries to oxyhemoglobin mimicked the ability of SAH to induce Ca v 2.3 channel expression, suggesting that the emergence of these channels is linked to lysis of red blood cells within the subarachnoid space. 6 Products formed during degradation of hemoglobin-mainly unconjugated bilirubin (UCB) and its oxidation products-have been investigated for their role in the development of cerebral vasospasm (CVS). 7, 8 The participation of UCB in the processes underlying delayed cerebral ischemia (DCI) by, for example, altering Ca 2+ influx into neuronal cells, would be conceivable.
The aim of the present work was to assess the potential role of 
| METHODS

| Material and reagents
Unless noted otherwise, reagents and albumin fraction V ≥ 98%
were used without further purification (Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany; Carl Roth GmbH, Karlsruhe, Germany).
Solutions were prepared in autoclaved glass bottles with deionized, double-distilled water or type I ultrapure water dispensed from an ELGA LabWater system (Purelab Flex 2, ELGA LabWater, High
Wycombe, UK), respectively. 
| Animals
| Preparation of unconjugated bilirubin (UCB)
Fresh stock solutions of bilirubin (1 mmol/L UCB in 10 mmol/L NaOH)
were prepared immediately prior and diluted into the test solution to yield the required concentration. All solutions containing UCB were stored in the dark and protected from illumination during the experiments. All experiments were performed in the presence of albumin.
UCB was added to test solutions containing 10 μmol/L bovine serum albumin (BSA) to give U/A ratios of 0.5. Solutions for control recordings and washout always contained the same volume of NaOH without bilirubin and (for recordings with albumin) the same concentration of BSA as in the corresponding test solution. For the isolated and superfused murine retina, 5 μmol/L UCB was added to the test solution.
| Retina isolation and ERG recordings
Mice were dark-adapted overnight and killed by cervical dislocation under dim red light, and the eyes were extirpated immediately. A 27-gauge needle (Sterican, size 20, 0.4 × 20 mm Bl/LB) was employed to puncture the cornea of the extirpated eye bulb. Enucleated eyes were protected from light and transferred into carbogen-saturated (95% O 2 /5% CO 2 ) modified Ames medium. 10 The whole retina was isolated immediately under dim red light using superfine scissors and ultrafine suturing forceps (WPI, Berlin, Germany) and transferred to the recording chamber as described previously. Switching from one solution to another was performed with a threeway valve to prevent disturbance of the experimental conditions.
| Isolation of microsomal membranes and immunoblotting
Retinal and neocortical microsomes were isolated according to standard procedures using a method, which is suitable to deal with minute amounts of tissue samples. 
| Data analysis of ERGs
Analysis of ERGs was carried out according to the parameters depicted in Figure According to the purpose of the study, we controlled in the primary analysis the main parameter "b-wave amplitude" for multiple comparisons using Holm-Bonferroni method. We considered 6 comparisons for the mentioned parameter: 3 for WT and 3 for KO group (Table 1) .
Comparisons of other ERG parameters were carried out the explorative 
| RESULTS
To assess the potential role of Ca B-wave implicit time (ms), t 1 (ms), t 2 (ms), t 1+2 (ms), and t (50%) (ms)
were comparable before and during application of UCB (P = 0.8489; P = 0.1437; P = 0.4132; P = 0.8318; P = 0.1350) ( Table 1 ). The effect of UCB on the b-wave amplitude was attenuated after 39-45 minutes of continuous superfusion (UCB 2 , P = 0.09, after correction, Figures 3A and 4A ,B; n = 14, wild type). After washout, the effect of UCB was eliminated completely (P = 0.2839).
The effect of UCB was not observed in Ca v 2.3-deficient mice (UCB 1 , P = 0.7780; UCB 2 , P = 0.1770; AUC 1 , P = 0.7609; AUC 2 , P = 0.3396; AUC, P = 0.4973; FWHM, P = 0.2581), but after washout, the b-wave amplitude tended to decrease in this genotype by 11.6%
(P = 0.09, after correction, Figures 3B and 4C ,D; n = 14, knockout).
Exploratory usage of albumin superfusion in knockout animals
showed comparable effects to superfusion with UCB ( Figure 3B ), T A B L E 1 (Continued) and the b-wave amplitude spontaneously decreased by 11.7 ± 4.8%
(n = 3). Control experiments in WT using albumin alone showed comparable effects on the b-wave, 12.4 ± 3.2% (n = 3), ( Figure S1 ).
| DISCUSSION
The relationship between blood metabolites and hemoglobin degradation products (BMHDPs) formed in the cerebrospinal fluid and the development of vasospasm and delayed cerebral ischemia (DCI) has been the focus of several previous studies, 14 but the molecular and cellular targets of BMHDPs remain to be identified. 15 However, inhibition of arterial smooth muscle contraction alone did not translate into superior outcome, putting previous concepts of aneurysmal SAH treatment partially into question. DCI can occur even in the absence of angiographic vasospasm, 16 supporting the hypothesis of a multifactorial cascade of adverse events after aneurysmal SAH. In the present study, we investigated the role of Ca v 2.3 channels as a direct target of BMHDPs.
| BMHDPs after aneurysmal SAH and the relevance of VGCCs in neuronal tissue
Lysis of erythrocytes begins almost immediately after aneurysmal SAH, resulting in an increase in oxyhemoglobin (Oxy-Hb) concentration in the CSF that peak after 24-48 hours with gradual decrease thereafter, reflecting degradation and metabolism of hemoglobin into heme, ferrous and ferric iron, carbon monoxide, biliverdin, and bilirubin. 14 Previous investigations have found bilirubin levels in CSF to be 5-fold increase in aneurysmal SAH patients with vasospasm compared to healthy controls. 17 BMHDPs can affect various pathological processes, among others, the expression of voltage-gated calcium channels (VGCCs) such as P-/Q-type and R-type calcium channels (Ca v 2.3 channels), 6 ,18 the latter previously assumed to be associated with delayed cerebral vasospasm. 4 Furthermore, mediation of vasoconstriction in smaller arteries (100-200 μm) by Ca v 2.3 channels is also assumed after SAH. 19 VGCCs play a protective role after ischemic neuronal injury, 20 and most of these channels, including R-type Ca 2+ channels, 21 are also present in the neuronal network of the vertebrate retina (embryological part of the brain), where they play a major role in signal transduction and its regulation, but the final proof comparing UCB-induced signaling changes was missing.
In the present study, we investigated the role of a single VGCC, 
| UCB-induced modulation of ex vivo retinal signaling in wild-type and Ca v 2.3-deficient mice
In ex vivo experiments, most studies favor the application of bilirubin in the presence of albumin to reduce its toxicity. 30 Based on this F I G U R E 3 ERG recordings from superfused murine retinae. (A) Bwave amplitude in response to repetitive light stimulation every 3 min in wild-type mice (n = 16). UCB was only added after reaching an equilibrium of b-wave amplitude with albumin (pre-UCB, black circles). Superfusion with UCB 5 μmol/L lasted 45 min and was followed by a washout of the retina by albumin only. UCB significantly decreased the b-wave amplitude after approximately 18-24 min (P < 0.05, corrected with Holm-Bonferroni, dark gray circles), with partial recovery toward the end of UCB superfusion (P = 0.09, corrected, gray circles). After washout, the b-wave amplitude recovered completely (n = 16; wild type, light gray circles). (B) UCB effects were not observed in Ca v 2.3-deficient mice (n = 14). After washout, the b-wave amplitude tended to decrease (P = 0.09, corrected) recommendation, UCB/albumin ratio in our setup has been chosen as a molar ratio of smaller than one to achieve physiological conditions. After washout, the b-wave tended to decrease by 11.6% (P = 0.09, corrected), independent from UCB ( Figure 2C ). (D) Corresponding ERG traces for normalized data are presented in panel C. After superfusion with UCB, the b-wave amplitude was unaffected (UCB 1 , dark gray curve vs UCB 2 , light gray curve). The duration of light stimulus was always 500 ms, and it is indicated by a white bar beyond the traces of Ca v 2.3 channels is sufficient to prevent UCB effects on the bwave amplitude completely. ameliorating the response to blood degradation products mediated by these channels. 33 The ratio of U/A in our study [5/10 μmol/L] seems to be physiological, but we cannot exclude the breaking and disturbance of the membrane architecture and cytolysis in the phospholipid bilayer. 34 Maybe, the fast and transient inhibition of the b-wave amplitude was caused by a direct high-affinity binding of UCB to the R-type channel protein, and phosphobilayer disturbance initiated the later relief, but specific to the R-type calcium channel.
| Bilirubin and the toxicity of its oxidation products
Catalytically, hemoglobin is converted by heme oxygenases into ferrous iron, carbon monoxide, and biliverdin, which is subsequently reduced by biliverdin reductases to bilirubin. Nonenzymatically, heme, biliverdin, and bilirubin are degraded in the presence of reactive oxygen species to a series of products, including the monopyrroles Z-BOX A and Z-BOX B as well as other bilirubin oxidation end products (BOX).
35
BOXes have been shown to inhibit a voltage-and Ca
2+
-dependent K + channel (Slo1 BK channel), which was proposed to contribute to the development of delayed cerebral vasospasm after aneurysmal SAH. 36 Investigation of bilirubin is hampered by its low water solubility and possible oxidation. We have controlled UCB stability by recording absorption spectra before and after applying on the retina, and we did not observe any changes in the spectrum from 200 to 800 nm. channels were proposed as a novel therapeutic target for the treatment of aSAH-induced cerebral vasospasm. 19 Studies have shown that bilirubin is produced in a time course parallel to the development of vasospasm. However, contraction of smooth muscle due to bilirubin could be shown neither in vitro nor in vivo, 37 possibly reflecting the lack of Ca v 2.3 channel expression in healthy arteries.
We have found that UCB at a physiological U/A molar ratio of 0.5 significantly alters neurotransmission in the isolated and superfused retina from wild-type but not Ca v 2.3-deficient mice, indicating an acute and early action mediated by selective modulation of Ca v 2.3 channels.
| CONCLUSIONS
The ex vivo neuronal setup of the isolated and superfused murine retina demonstrates a transient effect of bilirubin on neuronal signaling only when Ca v 2.3/R-type channels are present. Modulation of Ca v 2.3/R-type Ca 2+ channels may contribute to the pathophysiological cascades of vasospasm or DCI. The described model may facilitate further investigation of BMHDPs on calcium channels to determine their exact role in aSAH.
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